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Abstract.
We present our recent progress in the description of neutrino-nucleus interac-
tion in the GeV region, of interest for ongoing and future oscillation experi-
ments. In particular, we discuss the weak excitation of two-particle-two-hole
states induced by meson exchange currents in a fully relativistic framework. We
compare the results of our model with recent measurements of neutrino scatter-
ing cross sections, showing the crucial role played by two-nucleon knockout in
the interpretation of the data.
1 Introduction
The accurate understanding of neutrino-nucleus scattering in the GeV region is
a challenging problem of many-body nuclear physics and a necessary input for
particle physics studies related to neutrinos. The modeling of this reactionis in-
deed the largest and most complicated source of uncertainty in present neutrino
long-baseline experiments (T2K, NOvA, MicroBooNE) and it will be a crucial
limitation for the sensitivity of next generation neutrino oscillation experiments
(Hyper-Kamiokande, DUNE). These experiments, as other ones already com-
pleted (MiniBooNE, SciBooNE, NOMAD, ArgoNeuT), aim at precision mea-
surements of the oscillation parameters; most importantly, they search for sig-
nals of leptonic CP violation, which may help explaining the matter-antimatter
asymmetry of the Universe. Being the detectors made of large volumes of
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complex nuclei (typically carbon, oxygen and argon), good control of neutrino-
nucleus interactions is required in order to extract significant information on the
neutrino physics. On the other hand, the same experiments can provide interest-
ing informations on the nuclear dynamics, complementary to the ones obtained
using electromagnetic and hadronic probes. This has motivated a very intense
activity of nuclear theorists on the subject over the last few years. Comprehen-
sive reports on the state of the art of the field can be found in several review
articles [1–4].
One of the main difficulties in the analysis of the above mentioned exper-
iments is the lack of precise knowledge of the incoming neutrino energy Eν ,
which is broadly distributed around an average value. As a consequence, Eν
can only be reconstructed from the outgoing particle(s) kinematics; this proce-
dure is strongly dependent upon the model adopted to describe the nucleus in its
initial and final states, on the treatment of final-state interactions (FSI) between
the outgoing nucleon(s) and the residual nucleus, as well as on the assumptions
about the different mechanisms contributing to the observed cross section. The
theoretical description of these effects is a complicated many-body problem. A
wide variety of models has been proposed to describe CCQE (Charged-Current-
Quasi-Elastic) neutrino and antineutrino cross sections, identified experimen-
tally by the absence of pions in the final state. These models rely on quite differ-
ent hypotheses and approximations and utilize diverse theoretical frameworks:
Relativistic Mean Field Theory [5], Random-Phase-Approximation [6–8], Rel-
ativistic Green Function [9], Spectral Function Formalism [10], Green Function
Monte Carlo [11], Coherent Density Fluctuation Model [12], Transport The-
ory [13]. Despite these differences, there is now a general consensus on the
important role played by two-particle-two-hole (2p2h) excitations in the inter-
pretation of the CCQE data. Such excitations are induced by two-body currents,
hence they go beyond the usual impulse approximation scheme, in which the
probe interacts with one single nucleon. Nevertheless, due to the above men-
tioned definition of CCQE events in neutrino experiments (no pions in the final
state), they also contribute to the observed cross section.
Though the present precision of neutrino experimental data is generally too
low to discriminate between different models, valuable informations on the re-
liability of the latter - in a given kinematical regime - are provided by the large
amount of high quality electron scattering data. The validation against these
data represents a mandatory (albeit not sufficient) test any model should pass
before being applied to neutrino scattering reactions, where other sources of un-
certainties are present – e.g. the limited knowledge of the elementary neutrino-
nucleon form factors. In order to fulfill this requirement, we have developed
a nuclear model based on some general properties of electron scattering data
and known as SuSA (Super-Scaling-Approach). The model has been first intro-
duced in Ref. [14] and subsequently refined by including effects from Relativis-
tic Mean Field (RMF) theory and adding the contribution of meson-exchange-
currents (MEC) in the 2p2h sector: the resulting model (called SuSAv2-MEC)
2
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has been recently validated versus electron scattering data in a wide range of
kinematical conditions [16]. The model is capable of describing different kine-
matical regions: quasielastic, 2p2h and inelastic. For the neutrino case the latter
is presently limited to the ∆-resonance excitation, while for electron scattering
the full inelastic spectrum is considered. Here we will focus mainly on the treat-
ment of the 2p2h region, which occurs for transferred energies between the QE
and ∆ peaks.
The present contribution is organized in the following way: in Section 2 we
briefly define the formalism needed for studying CC neutrino and antineutrino
scattering, with particular reference to the 2p2h contribution. In Section 3 we
present some selected results and compare our predictions with experimental
data. Finally, in Section 4 we summarize our work and outline future develop-
ments.
2 Formalism
In this Section we summarize the essential formalism for (νl, l−) and antineu-
trino (νl, l+) CC reactions in nuclei. Let Kµ = (,k), K ′µ = (′,k′) be
the incident and scattered lepton four-momenta, respectively, Qµ = (ω,q) =
(K − K ′)µ the four-momentum transfer, ω and q the energy and momentum
transfer. The z direction is chosen along the vector q. The double-differential
cross section is
dσ
dΩ′d′
= σ0S±, (1)
where Ω′ is the scattering solid angle and σ0 is a kinematical factor including the
weak couplings (see Appendix). The nuclear structure function S± is the linear
combination of five response functions
S± = VCCRCC + 2VCLRCL + VLLRLL + VTRT ± 2VT ′RT ′ , (2)
where the sign of the last term is positive for neutrinos and negative for antineu-
trinos. The VK’s, whose expressions are given in the Appendix, are kinematical
factors depending on the lepton’s kinematics. The five response functions
RCC = W 00 (3)
RCL = −1
2
(
W 03 +W 30
)
(4)
RLL = W 33 (5)
RT = W 11 +W 22 (6)
RT
′
= − i
2
(
W 12 −W 21) (7)
embody the nuclear structure and dynamics and are given in terms of compo-
nents of the hadronic tensor
Wµν =
∑
i
∑
f
〈f |Jˆµ(Q)|i〉∗〈f |Jˆν(Q)|i〉 δ(Ei + ω − Ef ). (8)
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In the above expression Jˆµ(Q) represents the nuclear many-body current oper-
ator, the initial and final nuclear states |i〉 and |f〉 are exact eigenstates of the
nuclear Hamiltonian, with energies Ei and Ef , respectively, and the symbol
∑
i
means average over initial states. This form is very general and includes all pos-
sible final states that can be reached through the action of the current operator
Jˆµ(Q) on the exact ground state. Thus the hadronic tensor can be expanded
as the sum of one-particle one-hole (1p1h), two-particle two-hole (2p2h), plus
additional channels:
Wµν = Wµν1p1h +W
µν
2p2h + · · · (9)
Here we focus on 2p2h excitations, within a model which will be shortly pre-
sented in the next subsection.
2.1 2p2h excitations
In order to evaluate the 2p2h hadronic tensor Wµν2p2h, we choose to describe the
nuclear ground state as a relativistic Fermi gas (RFG), characterized by a Fermi
momentum kF . The main justification for this choice, which is undoubtedly too
simple to encompass all aspects of nuclear dynamics, is that we are interested in
a kinematical region where typical energies are of the order of or higher than the
nucleon mass and therefore relativistic effects cannot be neglected. The RFG
model is one of the few nuclear models in which Lorentz covariance can be
maintained.
In the RFG, the 2p2h channel corresponds to states with two nucleons of mo-
menta p′1 and p
′
2 above the Fermi momentum, p
′
i > kF , and two hole states of
momenta h1 and h2 below the Fermi momentum, hi < kF . The 2p2h hadronic
tensor is given by
Wµν2p2h =
V
(2pi)9
∫
d3p′1d
3h1d
3h2
M4
E1E2E′1E
′
2
Θ(p′1, p
′
2, h1, h2)
× rµν(p′1,p′2,h1,h2)δ(E′1 + E′2 − E1 − E2 − ω), (10)
where V is the volume of the system, p′2 = h1 + h2 + q − p′1 is fixed by
momentum conservation, M is the nucleon mass, the energies Ei and E′i are the
on-shell energies of the holes and particles, and
Θ(p′1, p
′
2, h1, h2) ≡ θ(p′2 − kF )θ(p′1 − kF )θ(kF − h1)θ(kF − h2). (11)
By exploiting the energy δ-function and rotational symmetry the above expres-
sion can be reduced to a 7-dimensional integral, to be computed numerically.
The non-trivial part of the calculation is contained in the function rµν , which
represents the elementary hadronic tensor for the basic 2p2h transition, with
given initial and final momenta, summed over spin (si, s′i) and isospin (ti, t
′
i)
4
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Figure 1. Feynman diagrams of the MEC considered in the present study, including the
seagull (a,b), pion-in-flight (c), pion-pole (d,e), and ∆ pole (f–i).
projections:
rµν(p′1,p
′
2,h1,h2) =
1
4
∑
s1s2s′1s
′
2
∑
t1t2t′1t
′
2
jµ(1′, 2′, 1, 2)∗Aj
ν(1′, 2′, 1, 2)A.
(12)
In the above, jµ(1′, 2′, 1, 2)A is the antisymmetrized matrix element of the two-
body weak MEC, containing vector and axial components. The present model
is the extension to the axial sector of the calculation of Ref. [15]. We work at
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tree level and include only one-pion exchange. Then the MEC operator can be
written as the sum of four contributions, denoted as seagull, pion-in-flight, pion-
pole and Delta-pole and represented diagrammatically in Fig. 1. The explicit
expression are too long to be reported here and can be found in Ref. [17].
The sum over isospin in Eq. (12) combines all the possible charge channels
in the final state, corresponding to emission of pp, nn and pn pairs. CC neutrino
scattering can induce two possible 2p2h transitions, np → pp and nn → np,
while in the case of antineutrino the allowed channels np → nn and pp → np.
In our formalism, it is possible to separate the contributions of these charge states
to the response functions, namely to know how many pairs of each kind (pp, nn
and pn) participate to this specific process.
3 Results
Let us first present the predictions of our MEC model for the different response
functions. We consider νµ-12C scattering and typical kinematics of interest for
current neutrino oscillation experiments.
In Fig. 2 we show the 1p1h and 2p2h responses as functions of the energy
transfer ω for q = 800 and 1200 MeV/c. The 1p1h responses are computed in
the RFG and only contain the one-body current. For these values of q the MEC
effects in the T and T ′ channels are large, the 2p2h strength at the maximum
of the peak being around 1/2 of the 1p1h response. Moreover, the MEC ef-
fects are similar in the T and T ′ responses. The CC response appears to be
extremely sensitive to MEC effects, which are even larger than the one-body re-
sponse. However, the contribution of this response to the cross section and the
ones associated to the CL and LL channels largely cancel out, so that the net
charge/longitudinal cross section is generally smaller than the transverse ones.
The balance of the different response functions of course depends on the kine-
matics.
The separate pp and np emission channels in the differential neutrino cross
section are shown in fig. 3 for three different values of the neutrino energy.
Proton-proton final states clearly dominate the 2p2h cross section. The pp/np
ratio is around 5-6 near the maximum, but its precise value depends on the kine-
matics. Note that the np distribution is shifted towards higher muon energies
respect to the pp one.
We now present some comparison with experimental data. In order to do
that, we combine the present calculation of the 2p2h MEC contribution with
the SuSAv2 model, used to describe the QE and ∆-excitation regions. We refer
to this as “SuSAv2-MEC” model. Due to the limited space we choose some
representative examples. The interested reader can find more results in Ref. [20].
In Fig. 4 the MiniBooNE flux-averaged CCQE νµ(νµ)−12C differential cross
section per nucleon is shown as a function of the muon scattering angle (top pan-
els) and the muon kinetic energy (bottom panels). Panels on the left (right) cor-
respond to neutrinos (antineutrinos). The mean beam energy in the MiniBooNE
6
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Figure 2. Comparison between 1p1h and 2p2h response functions for CC neutrino scat-
tering off 12C for two values of the momentum transfer [17].
experiment is 0.788 GeV in the neutrino mode and 0.665 GeV in the antineu-
trino mode. As shown, the present model provides an excellent representation
of the experimental cross section. In all of the cases the MEC contribution is
essential in order to reproduce the data and it amounts to about 20-25% of the
total response for neutrino, 15-20% for antineutrino. Analogous results [20], not
shown here, are found for the CCQE cross section measured in the T2K experi-
ment, where the neutrino energy is close to the MiniBooNE one, but the flux is
less broadly distributed.
A similar trend is shown in Fig. 5, where the MINERvA flux-averaged
CCQE νµ(νµ) differential cross section per nucleon is displayed as a function
of the reconstructed four-momentum Q2QE . The top panel refers to νµ−12C
whereas the bottom panel contains predictions and data for νµ−CH 1. Note that
the mean energy of the MINERvA flux is much higher than the MiniBooNE one,
1These data correspond to a new analysis of the MINERvA collaboration [22], based on the
updated NuMI flux prediction [23], and exceed by ∼ 20% the ones published in [21].
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Figure 3. Doubly differential 2p2h neutrino cross section per neutron of 12C, for fixed
muon scattering angle and for three neutrino energies, as a function of the muon kinetic
energy. The separate np and pp channels are shown [17].
about 3.5 GeV for both νµ and νµ. Also in this case the contribution of the 2p2h
MEC is needed in order to reproduce the experimental data.
In Fig. 6 the inclusive electron-neutrino flux-averaged single differential
cross section on 12C measured by the T2K experiment is shown as a function
of the electron momentum. The neutrino energy is very similar to the of the
MiniBooNE experiment. However, here the data are inclusive, namely only the
final electron is observed and pions, or any other product of the reaction, can
be present in the final state. We show the separate contributions corresponding
to the QE response, the 2p2h MEC, pionic and the total response. The colored
bands correspond to the estimated uncertainty in the scaling analysis extended
to the ∆ region (see [24]). Although the role associated with the ∆ resonance is
essential, the model is underestimating the data, especially for increasing values
of the electron momentum. This indicates that other inelastic channels, not taken
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Figure 4. MiniBooNE flux-averaged CCQE νµ-12C (ν¯µ-12C) differential cross section
per nucleon as a function of the muon scattering angle (top panels) and of the muon
kinetic energy (bottom panels). The left panels correspond to neutrino cross sections and
the right ones to antineutrino reactions. Data are from [18, 19].
into account in the present description, may play a significant role in explaining
these data. Work along this line is presently in progress.
4 Conclusions
Two-particle-two-hole excitations induced by meson-exchange currents play a
very important role in interpreting neutrino scattering data. We have illustrated
this point by comparing the SuSAv2+MEC predictions with data on neutrino
and antineutrino scattering off 12C corresponding to three different experiments:
MiniBooNE, MINERvA and T2K.
We have also studied the separate charge channels contributing to this pro-
cess and shown that for neutrino scattering pp final states give a contribution five
to six times larger than the np ones. Having the separate isospin contributions
will allow us to apply this formalism to asymmetric nuclei N 6= Z, of interest
for neutrino experiments based on 40Ar.
Future developments will focus on the extension of the model to different
nuclei and to the inelastic region, of paramount importance for future experi-
ments.
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Appendix
In this Appendix we provide the explicit expressions of some quantities used in
the text.
The factor σ0 appearing in Eq.(1) is
σ0 =
G2F cos
2 θc
2pi2
(
k′ cos
θ˜
2
)2
, (13)
where GF is the Fermi constant, θc the Cabibbo angle and θ˜ the generalized
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The data are from [25].
scattering angle, defined as
tan2
θ˜
2
=
|Q2|
(+ ′)2 − q2 . (14)
The kinematical factors in Eq.(2) are given by
VCC = 1− δ2 tan2 θ˜
2
(15)
VCL =
ω
q
+
δ2
ρ′
tan2
θ˜
2
(16)
VLL =
ω2
q2
+
(
1 +
2ω
qρ′
+ ρδ2
)
δ2 tan2
θ˜
2
(17)
VT = tan
2 θ˜
2
+
ρ
2
− δ
2
ρ′
(
ω
q
+
1
2
ρρ′δ2
)
tan2
θ˜
2
(18)
VT ′ =
1
ρ′
(
1− ωρ
′
q
δ2
)
tan2
θ˜
2
. (19)
In Eqs. (15–19) we have defined
δ =
ml√|Q2| (20)
ρ =
|Q2|
q2
(21)
ρ′ =
q
+ ′
, (22)
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where ml is the final charged lepton mass.
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